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Interactions between NMDA receptors (NMDARs) and the PDZ [postsynaptic density-95 (PSD-95)/Discs large/zona occludens-1] do-
mains of PSD-95/SAP90 (synapse-associated protein with a molecular weight of 90 kDa) family proteins play important roles in the
synaptic targeting and signaling of NMDARs. However, little is known about the mechanisms that regulate these PDZ domain-mediated
interactions. Here we show that casein kinase II (CK2) phosphorylates the serine residue (Ser1480) within the C-terminal PDZ ligand
(IESDV) of the NR2B subunit of NMDAR in vitro and in vivo. Phosphorylation of Ser1480 disrupts the interaction of NR2B with the PDZ
domains of PSD-95 and SAP102 and decreases surface NR2B expression in neurons. Interestingly, activity of the NMDAR and Ca 2�/
calmodulin-dependent protein kinase II regulates CK2 phosphorylation of Ser1480. Furthermore, CK2 colocalizes with NR1 and PSD-95
at synaptic sites. These results indicate that activity-dependent CK2 phosphorylation of the NR2B PDZ ligand regulates the interaction of
NMDAR with PSD-95/SAP90 family proteins as well as surface NMDAR expression and may be a critical mechanism for modulating
excitatory synaptic function and plasticity.
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Introduction
The NMDA-type ionotropic glutamate receptors (NMDARs)
play critical roles in neuronal development, excitotoxicity, and
synaptic plasticity (Bliss and Collingridge, 1993; Seeburg, 1993;
Choi, 1994; Hollmann and Heinemann, 1994). Functional
NMDARs are heteromultimers mainly consisting of NR1 and
NR2 (NR2A–NR2D) subunits (Wenthold et al., 2003). The NR2
subunits determine synaptic localization and function of
NMDARs because deletion of the C-terminal tail of NR2 perturbs
synaptic NMDAR localization, impairs NMDAR-mediated syn-
aptic activity, and alters synaptic plasticity (Mori et al., 1998;
Sprengel et al., 1998). The C-terminal T/SXV motifs (where X
represents any amino acid) of NR2A and NR2B can directly in-
teract with the PDZ [postsynaptic density-95 (PSD-95)/Discs
large/zona occludens-1] domains of PSD-95, SAP102 (synapse-
associated protein with a molecular weight of 102 kDa), and PSD-
93, and such interactions induce clustering of NMDARs in trans-
fected heterologous cells (Kornau et al., 1995; Kim et al., 1996;
Lau et al., 1996; Muller et al., 1996; Niethammer et al., 1996).
PSD-95 inhibits NR2B-mediated internalization and enhances

surface NMDAR clustering (Roche et al., 2001), whereas targeted
disruption of the PSD-93 gene reduces surface NR2A and NR2B
expression and the NMDAR-mediated EPSC (Tao et al., 2003).
However, NMDAR clusters are recruited to new synapses with-
out PSD-95 (Washbourne et al., 2002), and disruption of PSD-95
clustering had no effect on synaptic localization of NMDARs (Pas-
safaro et al., 1999). Similarly, PSD-95 mutant mice exhibit defects in
synaptic plasticity and spatial learning despite the proper synaptic
localization of NMDARs (Migaud et al., 1998). These results suggest
that PDZ domain-mediated interactions between NMDARs and
PSD-95/SAP90 family proteins are not required for synaptic target-
ing of NMDARs. Instead, these interactions are important for
stabilizing and/or promoting surface NMDAR expression and
linking NMDAR to cytoplasmic signaling pathways.

Although our understanding of the functional roles of PDZ
domain-mediated interactions between NMDARs and PSD-95/
SAP90 family proteins has increased, little is known about the
mechanisms that dynamically regulate these interactions. For
the AMPA receptor (AMPAR), PKC phosphorylation of the
C-terminal PDZ ligand of the AMPA receptor subunit (GluR2)
disrupts its interaction with the PDZ domains of glutamate re-
ceptor interacting protein (GRIP) but not PICK1 (protein inter-
acting with C kinase-1) (Matsuda et al., 1999; Chung et al., 2000)
and regulates AMPAR trafficking (Chung et al., 2000; Perez et al.,
2001; Braithwaite et al., 2002) and synaptic plasticity (Daw et al.,
2000; Xia et al., 2000; Kim et al., 2001; Chung et al., 2003; Seiden-
man et al., 2003). Moreover, protein kinase A (PKA) phosphor-
ylation of the C-terminal PDZ ligand (T/SXV motif) of the in-

Received Feb. 16, 2004; revised Oct. 4, 2004; accepted Oct. 5, 2004.
This work was supported by the Howard Hughes Medical Institute and the National Institutes of Health (R.L.H.).

We thank Dr. D. Shugar for the specific CK2 inhibitor TBB and Dr. J. Benovic for purified GRK2, GRK5, and urea-treated
rod outer segments. We also thank Dr. S. Vicini for pRK5-GFP-NR2B cDNA.

Correspondence should be addressed to Dr. Richard L. Huganir, Department of Neuroscience, Howard Hughes
Medical Institute, Johns Hopkins University School of Medicine, 904A Preclinical Teaching Building, 725 North Wolfe
Street, Baltimore, MD 21205. E-mail: rhuganir@jhmi.edu

DOI:10.1523/JNEUROSCI.0546-04.2004
Copyright © 2004 Society for Neuroscience 0270-6474/04/2410248-12$15.00/0

10248 • The Journal of Neuroscience, November 10, 2004 • 24(45):10248 –10259



ward rectifier potassium channel Kir2.3 disrupts its interaction
with PSD-95 (Cohen et al., 1996). We hypothesized that phos-
phorylation of the C-terminal T/SXV motif of NR2B may regu-
late the interactions between NMDARs and PSD-95/SAP90 fam-
ily proteins. We found that casein kinase II (CK2) directly
phosphorylates the �2 serine residue (Ser1480) within the
C-terminal T/SXV motif of NR2B. Such phosphorylation dis-
rupts the interaction of NMDARs with the PDZ domains of
PSD-95 and SAP102 and reduces surface NMDAR expression in
neurons. Furthermore, NMDAR activity regulates CK2 phosphory-
lation of Ser1480 partially via Ca2�/calmodulin-dependent protein
kinase II (CaMKII). These results indicate that activity-
dependent phosphorylation of the PDZ ligand may be a critical
regulator of NMDAR function and synaptic plasticity.

Materials and Methods
Generation and characterization of anti-NR2B-pS1480 antibodies. Anti-
NR2B-pS1480 antibody was raised against the synthetic peptide
KFNGSSNGHVYEKLSSIESDV corresponding to amino acids
1463–1482 of NR2B with phosphoserine included at Ser1480. Anti-
NR2B-pS1480 antibodies were affinity purified from sera by sequential
chromatography on Affi-Gel (Bio-Rad, Hercules, CA) columns co-
valently linked to BSA-conjugated unphosphorylated and Ser1480-
phosphorylated NR2B peptides. Antibody characterization was per-
formed on the immunoblots of rat hippocampal P2 membranes and
human embryonic kidney 293T (HEK293T) cell crude membrane frac-
tions. HEK293T cells were transfected with pRK5, pGW1-NR2B (Kim et
al., 1996), or pGW1-NR2BS1480A using calcium phosphate coprecipi-
tation (Chung et al., 2000). Rat hippocampal P2 membranes were pre-
pared as described previously (Luo et al., 1997). Crude membrane frac-
tions of HEK293T cells were isolated as described previously (Chung et
al., 2000). Protein samples were loaded onto an SDS-PAGE gel, trans-
ferred to polyvinylidene difluoride (PVDF) membranes (Immobilon-P
membrane; Millipore, Bedford, MA), and analyzed by immunoblotting
with anti-NR2B-pS1480 and anti-NR2B C-terminal antibodies. To test
the specificity, anti-NR2B-pS1480 antibodies were preincubated with
either unphosphorylated or Ser1480-phosphorylated NR2B peptides (20
�g/ml), or PVDF membrane was treated with �-phosphatase (1200
U/ml; New England Biolabs, Beverly, MA) for 30 min at 30°C before
immunoblotting.

Site-directed mutagenesis. NR2B Ser1480 in pGW1-NR2B was mutated
to alanine using QuikChange Site-Directed Mutagenensis (Stratagene,
La Jolla, CA) and the following synthetic oligonucleotides: sense 5�ctt-
tctagtattgaggctgatgtctgagtgag3�, antisense 5�ctcactcagacatcagcctcaatacta-
gaaag3�). NR2B Ser1480 in pRK5-GFP-NR2B (provided by Dr. S. Vicini,
Georgetown University, Washington, DC) was mutated to a glutamate
residue using the following oligonucleotides: sense 5�ctttctagtattgaggag-
gatgtctgagtgag3�, antisense 5�ctcactcagacatcctcctcaatactagaaag3�).

Purification of crude membranes from cortical neurons. Neurons were
homogenized by sonication in 1 ml of resuspension buffer [10 mM so-
dium phosphate, pH 7.0, 100 mM NaCl, 5 mM EGTA, 5 mM EDTA, 1 �M

okadaic acid, 50 mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, and protease inhibitor mixture (2 �g/ml aprotinin, 1
�g/ml leupeptin, 2 �g/ml antipain, 10 �g/ml benzamide, and 1 mM

PMSF)]. The homogenates were centrifuged at 14,000 � g to obtain
crude membrane pellets, which were resuspended in SDS sample buffer.

Immunoblot analysis. Qualitative immunoblots were visualized by en-
hanced chemiluminescence development using Renaissance substrate
(PerkinElmer Life Sciences, Newton, MA). Quantitative immunoblots
were visualized by enhanced chemifluorescence development (Amer-
sham Biosciences, Piscataway, NJ) and quantified on a Storm Imaging
system (Molecular Dynamics, Sunnyvale, CA) with Image Quant soft-
ware (Amersham Biosciences). To quantify the relative degree of phos-
phorylation, we calculated the ratio of the intensity of the labeling with
anti-NR2B-pS1480 antibody to the intensity of the labeling with anti-
NR2B C-terminal antibody. The phosphorylation ratio of control sam-
ples was taken as 100%, and the phosphorylation ratio of test samples was

normalized to the ratio of control samples to obtain the percentage of
phosphorylation.

Activation of NMDARs in neurons. High-density cortical neuronal cul-
tures from 18-d-old embryonic rats were prepared as described previ-
ously (Ghosh and Greenberg, 1995). DL-APV (200 �M; Tocris, Ellisville,
MO) was added to glia-conditioned culture medium 4 d after plating and
maintained for 3 weeks as reported previously (Liao et al., 2001). To
activate NMDARs, these neurons were transferred to artificial CSF
(ACSF) (in mM: 10 HEPES-free acid, 150 NaCl, 3 KCl, 10 glucose, and 2
CaCl2, pH 7.4) containing 100 �M picrotoxin, 5 �M strychnine, and 100
�M glycine [APV withdrawal (APV wd)] for 15 min at 37°C with or
without 1 �M TTX (Tocris). Control neurons were transferred to ACSF
containing 1 mM MgCl2 and 200 �M DL-APV to continue to block
NMDARs (APV control). In 0 mM Ca 2� experiments, neurons were
incubated in the APV withdrawal ACSF without calcium.

Inhibition or activation of kinases in neurons. Three-week-old cortical
neurons were incubated with DMSO (0.1% v/v; as control) or various
kinase inhibitors for 1 hr before APV withdrawal or APV control.
Inhibitors were (in �M): 5–10 KN93, 5–10 KN92, 5 chelerythrine, 10
RP-8-bromo-cAMP (RP-8-Br-cAMP), and 10 –20 4,5,6,7-tetrabromo-
benzotriazole (TBB; provided by Dr. D. Shugar, Institute of Biochemistry
and Biophysics, Warsaw, Poland). To activate PKC and PKA, respec-
tively, neurons were incubated with 0.4 �M phorbol 12-myristate
13-acetate (TPA) and 20 �M forskolin for 15 min at 37°C. All kinase
inhibitors and activators used here were purchased from Calbiochem
(San Diego, CA), except RP-8-Br-cAMP (Sigma, St. Louis, MO).

Surface biotinylation. Steady-state surface biotinylation of the neurons
was performed with 1 mg/ml sulfo-NHS-LC-biotin (Pierce, Rockford,
IL), and the biotinylated surface proteins were purified by incubating
with 100 �l of 50% NeutraAvidin agarose (Pierce) as described previ-
ously (Chung et al., 2000).

In vitro phosphorylation of NR2B fusion proteins. The vector pGEX-
NR2B containing the NR2B C-terminal tail (residues 1230 –1482) fused
in frame with glutathione S-transferase (GST) was constructed. NR2B
fusion proteins were purified from Escherichia coli BL21 cells after induc-
tion with isopropyl �-D-1-thiogalactopyranoside (IPTG; Sigma) as de-
scribed in the GST gene fusion system handbook (Amersham Bio-
sciences). All in vitro phosphorylation reactions were performed with 0.2
�g of NR2B fusion proteins and 100 �M ATP or [�- 32P]ATP (500 –1000
cpm/pmol) in a 50 �l total volume for 20 min at 30°C and stopped by
adding 25 �l of 3� SDS-PAGE sample buffer. Phosphorylation was vi-
sualized by autoradiography or by immunoblotting with anti-NR2B-
pS1480 antibodies. Phosphorylation of NR2B fusion proteins by CaMKII
(50 U; Calbiochem) was performed in CaMKII reaction buffer (10 mM

HEPES, pH 7, 10 mM MgCl2, 1 mM CaCl2, 1.2 �M calmodulin; Calbio-
chem). Phosphorylation reactions by CK2 (20 –50 U; New England Bio-
labs) were performed in CK2 reaction buffer (in mM: 20 Tris-HCl, pH
7.5, 10 MgCl2, 150 NaCl, and 1 DTT). Phosphorylation reactions by
G-protein-coupled receptor kinase 2 and 5 (GRK2 and GRK5) were per-
formed in GRK reaction buffer (20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 5
mM MgCl2, and 0.4 �g of GRK2 or GRK5; provided by Dr. J. Benovic,
Thomas Jefferson University, Philadelphia, PA) with NR2B fusion pro-
teins or 0.2 �g of purified urea-treated bovine rod outer segments (pro-
vided by Dr. J. Benovic). For TBB inhibition, CK2, GRK2, and GRK5
were preincubated with 20 �M TBB before the reaction. For in vitro
phosphorylation of NR2B fusion proteins by CaMKII phosphorylated
CK2, phosphorylation of CK2 (10 U) by rat brain CaMKII (20 ng) was
first performed in a 25 �l total volume of CaMKII reaction buffer with
100 �M ATP for 30 min at 30°C. After the reaction mixture was cooled on
ice with 10 �M KN93 (Calbiochem) for 10 min, the mixture was added to
25 �l of CK2 reaction buffer containing 0.2 �g of GST fusion proteins of
NR2B and 100 �M ATP. The resulting 50 �l reaction was incubated at
30°C for various time points (0 –9 min).

In vitro phosphorylation of CK2 by CaMKII. Phosphorylation of CK2
(2 �g) was performed in a 50 �l total volume of CaMKII reaction buffer
containing 100 �M [�- 32P]ATP (500 –1000 cpm/pmol), 20 �M TBB, and
rat brain CaMKII (20 ng; Calbiochem) and analyzed by autoradiography.

Immunoprecipitation. For immunoprecipitation (IP) of NR2B, neu-
rons were harvested in IP buffer (25 mM Tris-HCl with 100 mM NaCl, 5
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mM EDTA, 5 mM EGTA, 1 �M okadaic acid, 50 mM NaF, 1 mM sodium
vanadate, and protease inhibitor mixture) containing 1% SDS and then
diluted with 5 vol of ice-cold 2% Triton X-100 in IP buffer. NR2B sub-
units were immunoprecipitated with 4 �g of anti-NR2B C-terminal an-
tibodies for 2–3 hr at 4°C. For coimmunoprecipitation, neurons were
harvested in IP buffer containing 2% Triton X-100, and NMDAR com-
plexes were immunoprecipitated with 4 �g of anti-NR1 C-terminal an-
tibodies. Immunoprecipitates were eluted with SDS-PAGE sample buffer
and subjected to immunoblot analysis with anti-NR2B C-terminal, anti-
NR2B-pS1480, and anti-PSD-95 antibodies. To quantify the coimmuno-
precipitation, we calculated the ratio of the intensity of the labeling with
anti-PSD-95 antibody to the intensity of the labeling with anti-NR2B
C-terminal antibody for coimmunoprecipitation and input. The PSD-
95/NR2B ratio of APV control samples was taken as 100%, and the ratio
of APV withdrawal samples was normalized to the ratio of APV control
samples to obtain the percentage ratio (PSD-95/NR2B).

In vitro binding studies. Full-length SAP102 cDNA was subcloned into
the vector pRK5 with an N-terminal myc tag. The HEK293T cells trans-
fected with Myc-SAP102-pRK5 or PSD-95-pGW1 were harvested in IP
buffer containing 1% Triton X-100 and then incubated with either un-
phosphorylated or Ser1480-phosphorylated NR2B peptides conjugated
to affinity columns at 4°C for 2 hr. The columns were prepared by cou-
pling 2 mg/ml BSA-conjugated peptides with 2 ml of activated Affi-
Gel-10 resin. After extensive washing with IP buffer, the bound proteins
were eluted by SDS sample buffer and analyzed by immunoblot with
anti-myc and anti-PSD-95 antibodies.

Yeast cotransformation assay for protein interaction. Yeast assays were
performed as described previously (Dong et al., 1997) using the PJ69
strain harboring HIS3, ADE2, and �-galactosidase as reporter genes. The
C-terminal NR2B (residues 1257–1482) or mutant NR2BS1480E cDNAs
were subcloned into the vector pPC97, whereas PDZ domains (1–3) of
PSD-95 cDNAs were subcloned into the vector pPC86. The interactions
between PSD-95 and NR2B were detected by growth on quadruple mi-
nus plates (Leu-, Trp-, His-, Ade-) and assayed for �-galactosidase activ-
ity with 5-bromo-4-chloro-3 indolyl-�-D-galactopyranoside as a sub-
strate.

Immunocytochemistry of hippocampal neurons. Low-density hip-
pocampal cultures from 18-d-old embryonic rats were prepared on cov-
erslips as described previously (Goslin, 1991). Permeabilized immuno-
staining of the hippocampal neurons [21 d in vitro (DIV)] was performed
as described previously (Liao et al., 1999) using anti-CK2� (Santa Cruz
Biotechnology, Santa Cruz, CA), anti-PSD95 (Upstate, Charlottesville,
VA), and anti-NR1 C-terminal antibodies (Liao et al., 1999). For surface
immunostaining, hippocampal neurons (7 DIV) were transfected with
the vector pRK5-GFP-NR2B wild type or pRK5-GFP-NR2BS1480E us-
ing Lipofectamine2000 (Invitrogen, Carlsbad, CA). After APV control or
withdrawal, surface immunostaining on the transfected neurons (9 DIV)
was performed using anti-green fluorescent protein (GFP) antibody
(Chemicon, Temecula, CA) as described previously (Luo et al., 2002).
The surface GFP-NR2B subunits were stained with rhodamine Red X
(RRX)-conjugated secondary antibodies, whereas the total GFP-NR2B
subunits were visualized by GFP fluorescence. Images of the pyramidal
neurons were taken with a digital camera of confocal microscope (Zeiss)
using identical exposure times to visualize the difference of fluorescence
intensity. The ratio of surface GFP intensity over total GFP intensity per unit
area was measured using the MetaMorph Imaging System (Universal Imag-
ing, Downingtown, PA).

Data analysis. All data are reported as mean � SE. Sample size n refers
to the number of images processed in immunostaining and the number of
dishes analyzed in phosphorylation, biotinylation, and in vitro phosphory-
lation assay. For phosphorylation, a group-paired t test was used to test the
difference between the control and testing groups. For surface immuno-
staining, Student’s t test was used (*p � 0.05; **p � 0.01; ***p � 0.001).

Results
The C-terminal PDZ ligand of NR2B is phosphorylated at
Ser1480 in vivo
We generated a phosphorylation site-specific antibody to recog-
nize the in vivo phosphorylated serine residue (Ser1480) within

the NR2B PDZ ligand (T/SXV). The resulting antibody, anti-
NR2B-pS1480, detected a single protein of 180 kDa, the predicted
molecular weight of the NR2B subunit, in the HEK293T cells
transfected with the wild-type NR2B but not empty pRK5 vector
(mock) (Fig. 1A). Mutation of Ser1480 to alanine (NR2B-
S1480A) abolished recognition of NR2B by anti-NR2B-pS1480 (Fig.
1A). Incubation of anti-NR2B-pS1480 antibody with Ser1480-
phosphorylated NR2B C-terminal peptides (p2B) before immuno-
blotting blocked recognition of NR2B, whereas incubation with un-
phosphorylated peptides (2B) did not (Fig. 1B). Anti-NR2B-pS1480
antibody did not recognize NR2B when NR2B was dephosphory-
lated by �-phosphatase treatment before immunoblotting (Fig. 1C).
These results demonstrate the specificity and phosphorylation de-
pendence of anti-NR2B-pS1480 antibody.

In rat hippocampal membrane homogenates, anti-NR2B-
pS1480 antibody detected a protein of 185 kDa, which comi-
grated with the NR2B subunit as detected by anti-NR2B
C-terminal antibody, and two additional proteins of 90 kDa (Fig.
1D). Incubation of anti-NR2B-pS1480 antibody with p2B pep-

Figure 1. The C-terminal PDZ ligand of NR2B is phosphorylated at Ser1480 in vivo. A–C,
Characterization of the phosphorylation site-specific anti-NR2B-pS1480 antibody using immu-
noblots of HEK293T cell crude membranes expressing NR2B. After immunoblotting with anti-
NR2B-pS1480 antibody, the blot was stripped and reblotted with phosphorylation-
independent anti-NR2B C-terminal antibody. A, Anti-NR2B-pS1480 antibody recognized NR2B
in cells transfected with wild-type NR2B (NR2B) but not empty vector (mock) or the mutant
NR2B (NR2BS1480), in which Ser1480 was mutated to alanine. B, Anti-NR2B-pS1480 antibody
did not recognize NR2B when anti-NR2B-pS1480 antibody was preincubated with Ser1480-
phosphorylated NR2B C-terminal peptide (p2B) but not unphosphorylated peptide (2B). C,
Anti-NR2B-pS1480 antibody no longer recognized NR2B when the blot was pretreated with
�-phosphatase before immunoblotting. D, E, Western blot for NR2B-pS1480 in rat brain mem-
brane homogenates. D, Anti-NR2B-pS1480 antibody recognized NR2B in rat brain. Preincuba-
tion of anti-NR2B-pS1480 antibody with Ser1480-phosphorylated NR2B C-terminal peptide
(p2B) but not unphosphorylated peptide (2B) blocked NR2B recognition by anti-NR2B-pS1480
antibody. E, Anti-NR2B-pS1480 antibody no longer recognized NR2B when the blot was pre-
treated with �-phosphatase before immunoblotting.
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tides but not 2B peptides before immunoblotting abolished rec-
ognition of NR2B (Fig. 1D). Anti-NR2B-pS1480 antibody did
not recognize NR2B when the homogenates were dephosphory-
lated by �-phosphatase treatment before immunoblotting (Fig.
1E). These results indicate that the PDZ ligand of NR2B is phos-
phorylated at Ser1480 in vivo.

Activity of NMDARs regulates phosphorylation of
NR2B Ser1480
To examine whether neuronal activity regulates phosphorylation
of NR2B Ser1480, the NMDAR antagonist (APV) was added to
cultured cortical neurons at day 4 after plating, and the neurons
were maintained in APV for 3 weeks as described previously (Liao
et al., 2001). This chronic blockade of NMDAR activity has been
shown to increase NMDAR clusters in these neurons (Liao et al.,
2001). Quantitative immunoblot analysis with anti-NR2B-
pS1480 and anti-NR2B C-terminal antibodies revealed that
chronic APV treatment significantly decreased phosphorylation
of NR2B Ser1480 compared with the APV-untreated control
neurons (51 � 11% of control; n � 4; p � 0.05) (Fig. 2A), with-
out affecting the level of NR2B expression (97 � 9% of control;
n � 4; p � 0.05).

To examine rapid activity-dependent changes in the phos-
phorylation of NR2B Ser1480, chronic APV-treated cortical neu-
rons were incubated with ACSF containing picrotoxin (GABAA

receptor blocker), strychnine (glycine receptor antagonist), and
glycine (NMDAR co-agonist) for 15 min as described previously
(Liao et al., 2001). This APV withdrawal treatment allows rapid
activation of synaptic NMDARs by the spontaneous release of
glutamate. Control neurons were maintained in ACSF contain-
ing APV (APV control). NR2B subunits were immunoprecipi-
tated with anti-NR2B C-terminal antibodies from these cultures
and immunoblotted with anti-NR2B-pS1480 and anti-NR2B
C-terminal antibodies. Rapid activation of NMDARs by APV
withdrawal increased phosphorylation of NR2B Ser1480 com-
pared with APV control (271 � 43% APV control; n � 4; p �
0.05) (Fig. 2B,D). Similar levels of increased phosphorylation
were detected for surface NR2B subunits (340 � 53% APV con-
trol; n � 4; p � 0.05) (Fig. 2D). Interestingly, activation of both
synaptic and extrasynaptic NMDARs by bath application of glu-
tamate (100 �M) or NMDA (50 �M) in APV-untreated neurons
caused dephosphorylation of Ser1480 [NMDA, 31 � 2% of con-
trol (n � 3), p � 0.05; glutamate, 30 � 5% of control (n � 3), p �
0.05; data are shown in supplemental material, available at
www.jneurosci.org].

High-density cortical neuronal cultures have high levels of
spontaneous activity (Murphy et al., 1992). To test whether phos-
phorylation of NR2B Ser1480 is attributable to NMDAR activa-
tion by spontaneous synaptic responses, APV withdrawal was
performed in the presence of TTX, which blocks sodium
channel-mediated action potentials. APV withdrawal increased
the phosphorylation of NR2B Ser1480 (489 � 64% of APV con-
trol; n � 6; p � 0.001). In contrast, APV withdrawal in the pres-
ence of TTX caused a much less dramatic increase in the phos-
phorylation of Ser1480 (262 � 39% of APV control; n � 4; p �
0.01) (Fig. 2C). In addition, no increase in the phosphorylation of
Ser1480 was observed when we performed APV withdrawal in
Ca 2�-free ACSF to block the release of presynaptic vesicles (92 �
16% of APV control; n � 4; p � 0.05) (Fig. 2C). These results
demonstrate that synaptic NMDAR activation dynamically mod-
ulates phosphorylation of the NR2B PDZ ligand.

CaMKII regulates phosphorylation of NR2B Ser1480
Synaptic NMDAR activation has been shown to stimulate
CaMKII activity (Fukunaga et al., 1992). To determine whether
CaMKII can regulate phosphorylation of NR2B Ser1480, chronic
APV-treated cortical neurons were preincubated with DMSO
(0.1% v/v), KN93 (CaMKII inhibitor; 5–10 �M), or KN92 (inac-

Figure 2. NMDAR activity regulates phosphorylation of the NR2B PDZ ligand. Quantitative
immunoblot analysis with anti-NR2B-pS1480 and anti-NR2B C-terminal antibodies was per-
formed on the crude membranes of cultured cortical neurons. A, Chronic APV treatment of
cultured cortical neurons decreased phosphorylation of NR2B Ser1480 (APV; n � 4; t test; *p �
0.05) compared with the control neurons maintained in APV-free medium (Ctl), without affect-
ing the level of NR2B expression. B–D, Synaptic NMDARs were activated by removing APV for 15
min from the chronic APV-treated neurons (APV wd). The APV control neurons were maintained
in APV (APV ctl). B, IP of NR2B subunits using anti-NR2B C-terminal antibody. Synaptic activa-
tion of NMDARs by APV withdrawal increased phosphorylation of NR2B Ser1480. C, APV with-
drawal significantly increased phosphorylation of NR2B Ser1480 compared with the APV con-
trol (n � 6; t test; ***p � 0.001). This increase was partially blocked by 1 �M TTX (APV
wd�TTX; n � 4; t test; **p � 0.01) and was abolished by APV withdrawal without calcium
(APV wd�0 mM Ca 2�; n � 4; t test; p � 0.05). D, APV withdrawal significantly increased
Ser1480 phosphorylation of surface biotinylated NR2B subunits compared with APV control
(APV ctl; n � 4; t test; *p � 0.05).
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tive analog of KN93; 5–10 �M) for 1 hr before APV withdrawal.
APV withdrawal in DMSO-treated neurons increased phosphor-
ylation of NR2B Ser1480 (330 � 49% of APV DMSO control; n �
5; p � 0.001) and activated CaMKII as detected by increased
autophosphorylation of CaMKII at Thr286 (Fig. 3A). KN93
treatment completely inhibited the activation of CaMKII and
partially blocked the APV withdrawal-induced phosphorylation
of Ser1480 (206 � 26% of APV DMSO control; n � 4; p � 0.05),
whereas KN92 treatment did not (320 � 50% of APV DMSO
control; n � 4; p � 0.05) (Fig. 3A). These results indicate that
CaMKII is partially required for activity-induced phosphoryla-
tion of NR2B Ser1480.

Synaptic NMDAR activation has also been shown to stimulate
PKA (Roberson and Sweatt, 1996) and PKC (Klann et al., 1993)
activity. However, treatment of neurons with chelerythrine (PKC
inhibitor; 5 �M) or RP-8-Br-cAMP (PKA inhibitor; 10 �M) did
not inhibit APV withdrawal-induced phosphorylation of NR2B
Ser1480 [APV wd plus chelerythrine, 253 � 25% of APV DMSO
control (n � 3); APV wd plus RP-8-Br-cAMP, 290 � 36% of APV
DMSO control (n � 3); p � 0.05] compared with DMSO treat-
ment (APV wd plus DMSO, 243 � 24% of APV DMSO control;
n � 3; p � 0.05) (Fig. 3B). Furthermore, treatment of neurons
with forskolin (20 �M) or TPA (0.4 �M) to stimulate PKA and
PKC, respectively, had no effect on the phosphorylation of
Ser1480 (data not shown).

To test whether CaMKII directly phosphorylates NR2B
Ser1480, we performed in vitro phosphorylation reactions using
GST fusion proteins of the NR2B C-terminal tail (residues 1230 –
1482) with the purified rat brain CaMKII. CaMKII did not phos-
phorylate Ser1480 but robustly phosphorylated Ser831 of GluR1,
a previously characterized CaMKII site (Mammen et al., 1997)
(Fig. 3C). These results together suggest that it is not likely that
CaMKII, PKA, or PKC phosphorylate NR2B at Ser1480 in vivo
and that a kinase(s) downstream of CaMKII phosphorylates this
site after synaptic NMDAR activation.

Synaptic NMDAR activation increases CK2 phosphorylation
of NR2B PDZ ligand
The amino acid sequence surrounding NR2B Ser1480 (IESDV) is
a strong consensus site for CK2 (Meggio et al., 1994). To deter-
mine whether CK2 is the relevant in vivo kinase for NR2B
Ser1480, chronic APV-treated cortical neurons were incubated
with DMSO (0.1% v/v) or TBB (10 –20 �M) for 1 hr before APV
withdrawal. TBB is a cell-permeable, highly specific CK2 inhibi-
tor that inhibits 85% of CK2 activity at this concentration in vitro
(Sarno et al., 2001). APV withdrawal of DMSO-treated neurons
increased CaMKII activity and phosphorylation of NR2B
Ser1480 (348 � 50% of APV DMSO control; n � 4; p � 0.05)
(Fig. 4A). In contrast, TBB treatment abolished APV withdrawal-
induced phosphorylation of Ser1480 (124 � 16% of APV DMSO
control; n � 4; p � 0.05) but not autophosphorylation of
CaMKII Thr286 (Fig. 4A). Moreover, CK2 directly phosphory-
lated GST fusion proteins of the NR2B C-terminal tail at Ser1480
in vitro (Fig. 4B). These results suggest that CK2 acts downstream

Figure 3. CaMKII, but not PKC or PKA, regulates Ser1480 phosphorylation of NR2B during
synaptic NMDAR activation. Quantitative immunoblot analysis with anti-NR2B-pS1480 and
anti-NR2B C-terminal antibodies was performed on the crude membranes of cultured cortical
neurons. A, The chronic APV-treated cortical neurons were incubated with DMSO (0.1% v/v),
KN93 (5–10 �M; CaMKII inhibitor), or KN92 (5–10 �M; inactive analog of KN93) for 1 hr before
APV withdrawal. Anti-CaMKII-pT286 antibody (CaMKII-pT286) detected autophosphorylation
of CaMKII at Thr286. KN93 completely blocked CaMKII activation and partially blocked phos-
phorylation of NR2B Ser1480 induced by APV withdrawal (APV wd plus DMSO and APV wd plus
KN93; n � 4; t test; *p � 0.05). B, The chronic APV-treated cortical neurons were incubated
with DMSO (0.1% v/v), chelerythrine (5 �M; PKC inhibitor), or RP-8-Br-cAMP (10 �M; PKA
inhibitor) for 1 hr before APV withdrawal. Chelerythrine and RP-8-Br-cAMP had no effect on
APV withdrawal-induced phosphorylation of NR2B Ser1480 (APV wd plus DMSO and APV wd
plus chelerythrine or RP-8-Br-cAMP; n � 3; t test; p � 0.05). C, In vitro phosphorylation
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reactions of GST fusion proteins of the NR2B C-terminal tail and GluR1 C-terminal tail were
performed with CaMKII (50 U). Phosphorylation of NR2B Ser1480 and GluR1 Ser831 (a previ-
ously characterized CaMKII site) was detected by immunoblotting with anti-NR2B-pS1480 and
anti-GluR1-pS831 antibodies, respectively. CaMKII directly phosphorylated GluR1 Ser831 but
not NR2B Ser1480. The asterisk indicates the C-terminally truncated GluR1 fusion protein,
which is recognized by anti-GluR1-pS831 antibody but not by anti-GluR1 C-terminal antibody.
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of CaMKII and phosphorylates NR2B Ser1480 after synaptic
NMDAR activation.

Because GRK2 and GRK5 also preferentially phosphorylate
serine or threonine residues surrounded by acidic amino acids
(Palczewski, 1997), we also performed an in vitro phosphoryla-
tion reactions with purified active GRK2 and GRK5. GRK2 and
GRK5 phosphorylated NR2B Ser1480 very weakly compared
with the same amount of CK2 (Fig. 4C). To test whether the CK2
inhibitor TBB can block GRK2 and GRK5, we performed in vitro
phosphorylation reaction with GRK2 and GRK5 in the presence
of TBB (20 �M) using rhodopsin as a substrate. TBB dramatically
decreased CK2 phosphorylation of NR2B Ser1480 (Fig. 4D) but
had no effect on the phosphorylation of rhodopsin by GRK2 (Fig.
4E) and GRK5 (data not shown). These results suggest that GRK2
and GRK5 do not regulate phosphorylation of NR2B Ser1480
after synaptic NMDAR activation.

To examine the subcellular localization of CK2 in relation to
the distribution of NMDARs, we performed immunostaining on
3-week-old cultured hippocampal neurons using anti-CK2� an-
tibody and anti-NR1 C-terminal antibody. CK2 catalytic � sub-
units were localized in soma and throughout dendrites as small
clusters (Fig. 4F). CK2 colocalized with NR1 in dendritic shafts
and some spines (Fig. 4F). To test whether excitatory synapses
contain CK2, we performed immunostaining with anti-PSD-95
antibody. CK2� subunits also colocalized with PSD-95 in some
dendritic spines (Fig. 4G). These results suggest that CK2 exists in
close proximity to NMDARs to phosphorylate NR2B Ser1480.

CK2 is cyclic nucleotide independent and cannot be directly
activated by calcium (Litchfield, 2003). Previous studies show
that phosphorylation of its catalytic � and regulatory � subunits
by CK2 itself or other kinases can regulate CK2 activity (Blanquet,
1998; Litchfield, 2003). Because CaMKII was partially required
for APV withdrawal-induced phosphorylation of NR2B Ser1480
by CK2 (Figs. 3, 4), we investigated whether CaMKII can stimu-
late CK2 activity by directly phosphorylating its catalytic � or
regulatory � subunits. We performed in vitro phosphorylation
reactions of CK2 holoenzyme with CaMKII in the presence of
TBB (20 �M) to minimize the autophosphorylation of CK2 itself.
CaMKII directly phosphorylated the � but not the � subunit of
CK2 (Fig. 5A). To test whether CaMKII phosphorylation of
CK2� can increase the catalytic activity of CK2, we first in vitro
-phosphorylated CK2 with CaMKII and then added KN93 to
inhibit CaMKII activity. This reaction mixture was incubated
with GST fusion proteins of the NR2B C-terminal tail and CK2
reaction buffer at 30°C for 0 –9 min. Preincubation of CaMKII
with CK2 overall increased CK2 phosphorylation of NR2B at
Ser1480 compared with CK2 alone (Fig. 5B). However this in-
crease was statistically significant at the 6 min time point (146 �
11% of CK2 alone; n � 4; p � 0.05) but not at the 3 and 9 min
time points (n � 4; p � 0.05) (Fig. 5B). These results indicate that
direct phosphorylation of CK2� by CaMKII has no effect on the
catalytic activity of CK2 in vitro.

Figure 4. CK2 functions downstream of CaMKII during synaptic NMDAR activation and di-
rectly phosphorylates Ser1480. A, The chronic APV-treated cortical neurons were incubated
with DMSO (0.1% v/v) or TBB (10 –20 �M; CK2 inhibitor) for 1 hr before APV withdrawal.
Quantitative immunoblot analysis with anti-NR2B-pS1480 and anti-NR2B C-terminal antibod-
ies revealed that TBB completely blocked APV withdrawal-induced phosphorylation of NR2B
Ser1480 (APV wd plus DMSO and APV wd plus TBB; n � 4; t test; *p � 0.05) but not autophos-
phorylation of CaMKII at Thr286. B, C, Immunoblot analysis of in vitro phosphorylation reactions
of GST fusion proteins of the NR2B C-terminal tail by CK2 (20 U; B) and CK2, GRK2, and GRK5 (0.4
�g each; C). B, CK2 directly phosphorylated NR2B Ser1480. C, GRK2 and GRK5 phosphorylated
NR2B Ser1480 very weakly compared with the same amount of CK2. D, Autoradiograph and
Coomassie blue staining of an SDS-PAGE gel containing in vitro phosphorylation reactions of the
GST fusion proteins of the NR2B C-terminal tail by CK2 (0.4 �g) with or without TBB (20 �M).
TBB inhibited CK2 activity. E, Autoradiograph and Coomassie blue staining of an SDS-PAGE gel
containing in vitro phosphorylation reactions of rhodopsin by GRK2 (0.4 �g) with or without
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TBB (20 �M). TBB did not inhibit GRK2 activity. F, Immunostaining of 3-week-old low-density
cultured hippocampal neurons with anti-CK2� (CK2�) and anti-NR1 C-terminal antibodies
(NR1). CK2� subunits colocalized with NR1 in the dendritic shafts and some spines. G, Immu-
nostaining of 3-week-old low-density cultured hippocampal neurons with anti-CK2� (CK2�)
and anti-PSD-95 antibody (PSD-95). CK2� subunits also colocalized with PSD-95 in some den-
dritic spines.
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Phosphorylation of NR2B PDZ ligand disrupts its interaction
with SAP102 and PSD-95
To investigate whether phosphorylation of Ser1480 in the NR2B
C-terminal PDZ ligand can regulate the interaction of NR2B with
PSD-95/SAP90 family proteins, we tested the in vitro binding of
PSD-95 or SAP102 to Ser1480-phosphorylated (p2B) or unphos-
phorylated NR2B C-terminal (2B) peptides. HEK293T cell ly-
sates expressing PSD-95 and SAP102 were incubated with NR2B
peptide-conjugated affinity columns, and bound proteins were
eluted and analyzed by immunoblotting. PSD-95 and SAP102
interacted with the 2B peptide but not the p2B peptide (Fig. 6A).
The interaction of PSD-95 and SAP102 with the p2B peptide was
recovered when the p2B peptide was dephosphorylated by
�-phosphatase before the binding experiment (Fig. 6A). These

results indicate that phosphorylation of Ser1480 disrupts the in-
teraction of NR2B with the PDZ domains of PSD-95 and SAP102.

Because APV withdrawal significantly increased phosphory-
lation of NR2B Ser1480 (Fig. 2), synaptic NMDAR activation
may regulate the interaction of NMDARs with the PSD-95/
SAP90 family proteins. To test this, NMDARs were immunopre-
cipitated with anti-NR1 C-terminal antibodies from cortical neu-
rons treated with APV control or withdrawal. Compared with
APV control, synaptic NMDAR activation increased phosphory-
lation of NR2B Ser1480 but decreased the amount of PSD-95 that
coimmunoprecipitated with NR2B subunits (Fig. 6B). This de-
crease was statistically significant as shown by the ratio of the

Figure 5. Preincubation of CaMKII with CK2 increases phosphorylation of NR2B Ser1480 by
CK2 in vitro. A, Autoradiograph and Coomassie blue staining of an SDS-PAGE gel containing in
vitro phosphorylation reactions of purified CK2 holoenzyme (2 �g) with TBB (20 �M) by puri-
fied rat brain CaMKII (50 U). CaMKII directly phosphorylated CK2 �-subunits. B, Immunoblot
analysis of in vitro phosphorylation reactions of the GST fusion proteins of the NR2B C-terminal tail by
CK2 (20 U), which was first phosphorylated by CaMKII (50 U) in vitro. After CaMKII phosphorylation of
CK2, KN93 was added to block CaMKII activity. Preincubation of CaMKII with CK2 overall does not
significantly increase CK2 phosphorylation of NR2B Ser1480 compared with CK2 alone. However, the
increase was statistically significant at the 6 min time point (n � 4; t test; *p � 0.05).

Figure 6. Phosphorylation of the NR2B PDZ ligand disrupts its interaction with SAP102 and
PSD-95. A, In vitro binding studies of PSD-95 (top) or SAP102 (bottom) with NR2B peptides
immobilized on Affi-Gel resin. Extracts of HEK293T cells expressing PSD-95 or SAP102 were
incubated with unphosphorylated (2B), Ser1480-phosphorylated 2B (p2B), or the
�-phosphatase-treated p2B peptides. The bound PSD-95 or SAP102 proteins were detected by
immunoblot with anti-PSD-95 antibody or anti-SAP102 antibody, respectively. Both PSD-95
and SAP102 failed to interact with Ser1480-phosphorylated NR2B. B, IP of NMDAR complexes
from the chronic APV-treated cortical neurons after APV control (APV ctl) or APV wd using
anti-NR1 C-terminal antibodies. Coimmunoprecipitation of NR2B and PSD-95 was analyzed by
immunoblot with anti-PSD-95 (PSD-95), NR2B, and anti-NR2B-pS1480 antibodies (NR2B-
pS1480). Synaptic activation of NMDAR increased phosphorylation of NR2B Ser1480 and de-
creased NMDAR interaction with PSD-95 (n � 5; t test; *p � 0.05).
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intensity of PSD-95 over NR2B [IP (APV wd), 45 � 14% of APV
control (n � 5); p � 0.05] (Fig. 6B). In contrast, APV withdrawal
did not change the overall amount of PSD-95 and NR2B in total
lysate [input (APV wd), 84 � 12% of APV control (n � 5); p �
0.05] (Fig. 6B). These results demonstrate that activity-induced
phosphorylation of NR2B Ser1480 attenuates the interaction of
NMDAR with PSD-95 in vivo.

Phosphorylation of NR2B PDZ ligand decreases surface
expression of NR2B
Disruption of the interactions between NR2B and PSD-95/
SAP102 by phosphorylation of the NR2B PDZ ligand may regu-
late surface membrane trafficking of NMDARs. To test this, we
first mutated Ser1480 to glutamate, which mimics the negative
charge of phosphorylated Ser1480.In the yeast two-hybrid system,
this phosphorylation mimic mutant, NR2B S1480E C terminus,
failed to interact with PDZ domains (1–3) of PSD-95, whereas the

wild-type NR2B C terminus interacted
well (Fig. 7B). Next, we transfected pri-
mary hippocampal neurons with wild-
type subunits or the phosphorylation
mimic mutant NR2B subunits, which were
tagged extracellularly with GFP (GFP-
NR2B and GFP-NR2B S1480E). Surface
GFP-NR2B subunits were labeled live
with anti-GFP antibody and visualized
by RRX-conjugated secondary antibody,
whereas total GFP-NR2B was visualized by
GFP fluorescence. Surface immunostain-
ing showed surface expression of both
wild-type GFP-NR2B and mutant GFP-
NR2B S1480E on the plasma membrane of
dendrites and soma as distinct clusters in
hippocampal pyramidal neurons (Fig.
7A). However, surface clusters of mutant
GFP-NR2B S1480E were less intense and
smaller compared with wild-type NR2B
(Fig. 7A). The ratio of surface GFP inten-
sity over total GFP intensity per unit area
of mutant NR2B S1480E was signifi-
cantly lower than that of wild-type NR2B
in the dendrites [wild type, 0.135 �
0.024 per unit area (n � 19); S1480E,
0.034 � 0.005 per unit area (n � 26); p �
0.001] (Fig. 7C). These data demonstrate
that phosphorylation of NR2B Ser1480
decreases the surface expression of
NMDARs.

Discussion
The present study demonstrates that CK2
phosphorylation of Ser1480 within the
NR2B C-terminal PDZ ligand regulates
PDZ domain-mediated interaction and
surface expression of NMDAR. Interest-
ingly, activity of NMDAR and CaMKII
regulates CK2 phosphorylation of
Ser1480. Thus, activity-dependent phos-
phorylation of the PDZ ligand provides a
powerful way to control NMDAR traf-
ficking and excitatory synaptic function.

Phosphorylation of the NR2B PDZ
ligand by CK2

Various kinases and phosphatases modulate ion channel proper-
ties (Greengard et al., 1991; Durand et al., 1993; Lieberman and
Mody, 1994; Wang and Salter, 1994; Lieberman and Mody, 1999)
and forward trafficking of NMDARs (Lan et al., 2001; Scott et al.,
2001), although only a few phosphorylation sites of NMDAR
subunits have been identified so far (Hall and Soderling, 1997;
Leonard and Hell, 1997; Tingley et al., 1997). NR2B Ser1480 is the
first CK2 phosphorylation site identified among the NMDAR
subunits. CK2 is highly enriched in brain and phosphorylates
various synaptic and nuclear substrates implicated in neuronal
development and survival, neurite extension, synaptic transmis-
sion, and synaptic plasticity (Blanquet, 2000). CK2 can regulate
NMDAR channel gating (Lieberman and Mody, 1999), although
the role of CK2 phosphorylation of NR2B Ser1480 in NMDAR
channel properties is not known. We also show that CK2 colocal-
izes with NMDAR in dendrites and at some excitatory synapses,

Figure 7. Mutation of Ser1480 to glutamate decreases surface expression of NR2B in neurons. A, Surface immunostaining of
GFP-NR2B wild-type and mutant subunit (NR2B S1480E) in which Ser1480 was replaced with glutamate to mimic phosphorylated
Ser1480 (left; scale bar, 10 �m). The right panels show higher magnification of the insets in the left panel. B, In the yeast two-hybrid
system, PDZ domains of PSD-95 failed to interact with phosphorylation mimic mutant NR2B S1480E and deletion mutant NR2B (NR2B
	5aa), in which the PDZ ligand was deleted. C, Quantification of surface GFP staining of wild-type NR2B (n � 19) and mutant NR2B
S1480E (n � 26) as the ratio of surface GFP intensity over total GFP intensity per unit area (t test; ***p � 0.001).
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consistent with studies demonstrating en-
richment of CK2 activity in synaptosomes
(Girault et al., 1990).

Interestingly, CK2 phosphorylation of
NR2B Ser1480 is regulated by activation of
NMDAR itself. Suppression of NMDAR
activity by chronic APV treatment de-
creases Ser1480 phosphorylation, whereas
rapid activation of synaptic NMDARs
by APV withdrawal increases Ser1480
phosphorylation. Similarly, induction of
NMDAR-dependent long-term potentia-
tion (LTP) in rat hippocampal slices leads
to a calcium-dependent increase in CK2
activity (Charriaut-Marlangue et al., 1991).
Chronic APV treatment of cultured cor-
tical neurons increases the proportion
of “silent synapses” containing only
NMDAR (Liao et al., 1999), delaying syn-
apse development. Chronic APV treat-
ment may also affect the morphology of
dendritic spines, because NMDAR activity
regulates spine morphology (Engert and
Bonhoeffer, 1999; Maletic-Savatic et al.,
1999). However, APV withdrawal from
the chronic APV-treated neurons allows
activation of only synaptic NMDARs by
synaptically released glutamate and stimu-
lation of CK2 activity for which there is no
known activator so far. Because APV with-
drawal has been shown to convert silent
synapses to “conducting synapses” con-
taining both NMDAR and AMPAR (Liao
et al., 1999; Liao et al., 2001), this treatment may allow us to study
whether CK2 phosphorylation of NR2B Ser1480 plays a role in
synapse maturation. In contrast to APV withdrawal, bath appli-
cation of glutamate or NMDA activates both synaptic and extra-
synaptic NMDARs and induces rapid internalization of AMPARs
through activation of phosphatases (Beattie et al., 2000; Ehlers,
2000; Lee et al., 2002). Not surprisingly, glutamate and NMDA
treatment causes dephosphorylation of NR2B Ser1480.

It is unclear how synaptic NMDAR activation leads to
calcium-dependent CK2 phosphorylation of NR2B Ser1480 because
calcium does not directly activate CK2 (Hathaway and Traugh,
1982). Because the CaMK inhibitor KN93 partially blocks APV
withdrawal-induced phosphorylation of NR2B Ser1480, calcium/
calmodulin-dependent protein kinases may regulate CK2 activity.
However, we found that direct phosphorylation of CK2� by
CaMKII does not increase CK2 activity in vitro, although the role of
CaMKI and CaMKIV in CK2 activity remains to be tested. Alterna-
tively, calmodulin may mediate synaptic targeting of CK2 by inter-
acting with CK2� (Grein et al., 1999) and NR2B (Wyszynski et al.,
1997). Recently, induction of NMDAR-dependent LTP in rat hip-
pocampal slices has shown to increase both CaMKII activity and
CaMKII association with NR2A and NR2B and decrease PSD-95
association with NR2A and NR2B (Gardoni et al., 2001). Thus, an
NMDAR-mediated rise in calcium may stimulate the binding of
CaMKII to NR2B (Leonard et al., 1999; Bayer et al., 2001) and/or
CaMKII phosphorylation of NR2B Ser1303 (Omkumar et al., 1996;
Bayer et al., 2001). These events may induce a conformational
change in the NR2B tail, which attenuates PSD-95 binding and
exposes the PDZ ligand for CK2 phosphorylation. Once Ser1480
is phosphorylated, NMDAR may remain unbound by PSD-95.

Regulation of PDZ domain-mediated interaction by
phosphorylation of the NR2B PDZ ligand
The inhibition of NR2B interaction with PSD-95 and SAP102 by
phosphorylation of the PDZ ligand at Ser1480 can be explained
by the structure of type 1 PDZ domain–T/SXV motif interaction
(Doyle et al., 1996; Morais Cabral et al., 1996). The addition of a
phosphate group to the �2 serine or threonine residue of the
T/SXV motif will disrupt the critical hydrogen bond formed be-
tween the �2 residue of the T/SXV motif and the histidine within
a hydrophobic groove in the PDZ domain (Doyle et al., 1996;
Morais Cabral et al., 1996). Similar to our results, PKA phosphor-
ylation of the �2 serine residue of inward rectifier potassium
channel Kir2.3 abolishes binding of Kir2.3 to PSD-95 (Cohen et
al., 1996). GRK5 phosphorylation of the �2 serine of the �2-
adrenergic receptor disrupts binding of the receptor to the PDZ
domain of NHERF (Na�/H� exchanger regulatory factor) pro-
tein (Cao et al., 1999). Moreover, the �3 serine of the AMPA
receptor subunit GluR2 with its type 2 PDZ ligand (�SVKI) can
be phosphorylated by PKC, and such phosphorylation disrupts
binding of GluR2 to the PDZ domain of GRIP (Matsuda et al.,
1999; Chung et al., 2000). Thus, phosphorylation of the serine or
threonine residue within the PDZ ligands may be a common
mechanism for regulating PDZ domain-mediated interactions.

Regulation of synaptic signaling by phosphorylation of the
NR2B PDZ ligand
PSD-95/SAP90 family proteins interact with many neuronal sig-
naling proteins such as SynGAP (a neuronal RasGTPase activat-
ing protein) (Chen et al., 1998; Kim et al., 1998), neuronal nitric
oxide synthase (Brenman et al., 1996; Christopherson et al.,

Figure 8. Model for regulation of NMDAR complex and trafficking by phosphorylation of the NR2B PDZ ligand. Synaptic
activation of NMDAR stimulates CaMKII and CK2 activity. A, CK2 phosphorylates the PDZ ligand of surface NR2B at Ser1480 and
disrupts the interaction between surface NMDAR and the PDZ domains of PSD-95. This leads to destabilization and internalization
of surface NMDAR and decoupling of NMDAR from signaling proteins at excitatory synapses. B, CK2 phosphorylates the PDZ ligand
of intracellular NR2B at Ser1480 and disrupts the interaction between intracellular NMDAR with the PDZ domains of SAP102. This
leads to disruption of SAP102/Sec8-mediated forward trafficking of NMDAR to the cell surface.
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1999), and AKAP70/150 (a scaffolding protein for three signaling
enzymes: PKA, PKC, and the calcium-dependent phosphatase
calcineurin) (Colledge et al., 2000). The targeted mutation of the
PSD-95 gene in mice appears to disrupt downstream signaling
from NMDAR without affecting synaptic localization of
NMDARs (Migaud et al., 1998). In addition, overexpression of
PSD-95 enhances synaptic clustering of AMPARs without alter-
ing the levels of synaptic NMDARs (El-Husseini et al., 2000).
Thus, phosphorylation of the NR2B PDZ ligand may regulate
synaptic signaling downstream of NMDAR by modulating inter-
action of NMDAR with PSD-95/SAP90 family proteins.

Regulation of NMDAR trafficking by phosphorylation of the
NR2B PDZ ligand
PDZ domain-mediated interactions facilitate synaptic clustering
and surface expression of NMDARs by suppressing the endoplas-
mic reticulum retention signal in NR1 (Standley et al., 2000) and
the internalization signal in the NR2B C terminus, which binds to
the adaptor protein-2 (Roche et al., 2001; Lavezzari et al., 2003),
and by promoting formation of exocyst–SAP102–NMDAR com-
plexes (Sans et al., 2003). Consistent with these findings, we
found that mutation of NR2B Ser1480 to glutamate, which mim-
ics phosphorylated Ser1480, disrupts NR2B interaction with
PSD-95/SAP102 and decreases the size and intensity of surface
NR2B clusters. Phosphorylation of NR2B Ser1480 may regulate
surface expression of NMDAR by multiple mechanisms. Because
NMDAR can move laterally between synaptic and extrasynaptic
domains of the plasma membrane (Tovar and Westbrook, 2002),
phosphorylation of surface NR2B at Ser1480 would disrupt
NMDAR interaction with PSD-95/PSD-93 and allow NMDAR to
move from synaptic to extrasynaptic regions where they could be
internalized by exposing an internalization signal in the NR2B C
terminus (Fig. 8A). Alternatively, phosphorylation of intracellu-
lar NR2B at Ser1480 would disrupt NMDAR interaction with
SAP102 and block surface delivery of NMDAR mediated by
SAP102/sec8 – exocyst complex formation (Fig. 8B).

Our studies suggest that NMDAR activity may regulate syn-
aptic targeting of NMDAR by modulating phosphorylation of
NR2B Ser1480. We demonstrated that phosphorylation of
Ser1480 decreases with chronic APV treatment, whereas it in-
creases after removal of APV. Interestingly, chronic APV treat-
ment increases synaptic accumulation of NMDAR clusters with
no preference between NR2A- and NR2B-containing receptors
(Rao and Craig, 1997; Liao et al., 1999; Liao et al., 2001; Tovar and
Westbrook, 2002), whereas removal of APV to induce spontane-
ous activity decreases synaptic NMDAR clusters (Rao and Craig,
1997). The increase in NR2A and NR2B and their association
with PSD-95 has been suggested to be the potential mechanism of
the APV-induced synaptic targeting of NMDAR (Rao and Craig,
1997), although we found no change in the level of NR2B by
chronic APV blockade. Thus, the APV-induced synaptic target-
ing of NMDARs in our cortical cultures (Liao et al., 2001) may be
caused by the decrease in Ser1480 phosphorylation and subse-
quent increase in the interaction between NR2B and PSD-95/
SAP102. In contrast to the above studies, APV blockade of
NMDARs has been shown to induce trafficking of NR2B away
from synapses and trafficking of NR2A subunits to synapses
(Aoki et al., 2003; Fujisawa and Aoki, 2003). The differences in
activity-dependent synaptic targeting of NR2B/A subunits may
be explained by the differences in the duration of APV treatment and
in vitro neuronal cultures versus in vivo mature cortical synapses in
intact adult brain. Because synaptic targeting of NR2B- and NR2A-
containing receptors is regulated differently (Barria and Malinow,

2002; Aoki et al., 2003; Fujisawa and Aoki, 2003) and determines
the polarity of synaptic plasticity (Liu et al., 2004), it will be
interesting to study whether activity-dependent CK2 phosphor-
ylation of NR2B Ser1480 may affect the synaptic presence of
NR2A-containing NMDARs.
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